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Abstract 

Purpose This paper presents life cycle assessment of planned 
mass production of the thermal insulation blocks (TIB) made 
of thermal insulation composite material (TICM) from sec¬ 
ondary raw materials—glass and plastic. This material is 
being developed at Bmo University of Technology, Faculty 
of Civil Engineering for use in structural details of (especially 
low energy or passive) buildings subjected to higher compres¬ 
sive loads. Two production modes depending on the quality of 
the input materials are compared. 

Methods The assessment is conducted using GaBi 4 software 
tool with inbuilt Ecoinvent database. The results of the assess¬ 
ment are presented in individual impact categories according 
to used characterization model (CML 2001—Dec. 07). All the 
necessary energy and material flows are specified in detail for 
the purpose of the assessment. Cut-off allocation method is 
used for allocating the environmental impacts of recycled 
materials. Part of the assessment is sensitivity analysis of 
one variable parameter—amount of TIB produced per year. 
Results and discussion The results of the assessment show 
decisive impact of used electricity source on the overall re¬ 
sults—86.2 and 94.3 %, respectively, for both production 
modes. This is closely connected with quality of used second¬ 
ary raw materials and design of the production line. Use of 
higher-quality materials, as well as changes of the designed 
production line can reduce the overall environmental impacts 
by almost 30 %. 

Conclusions The results show possible improvements in the 
planned mass production of the TIB. They also find that 
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further investigation will be required before the start of mass 
production, especially in connection with improving the en¬ 
vironmental impacts of used electricity sources. 

Keywords Composite plastics • Life cycle assessment • 
Recycling • Secondary raw materials 

1 Introduction 

The issue of monitoring the environmental impact of building 
processes is attracting more and more attention among civil 
engineers, architects and researchers as the building industry 
is one of the largest industry sectors. Among other things, it is 
responsible for 40 % of overall waste production in the EU 
(Fraunhofer 2009). Some conducted environmental studies 
monitor only one specific parameter, such as global warming 
potential (expressed by the amount of C0 2 emissions) or 
balance of embodied energy—Venkatarama Reddy and 
Jagadish (2003), Thormark (2002) etc. But to receive an 
overview of impacts a product can cause to the environment, 
a more complex assessment is required—e.g. life cycle as¬ 
sessment (LCA). It is a method developed since late 1960s— 
first study was conducted to assess the environmental, mate¬ 
rial and energy impacts of a life cycle of packaging for The 
Coca-Cola Company (Hunt and Franklin 1996). Later, the 
framework for the LCA was set by international standards of 
14 040 series (ISO 2006a, b). Currently, it is used for assess¬ 
ment of environmental impacts of various production systems 
under various external conditions (e.g. climatic or economic), 
as can be seen in the works of Anastaselos et al. (2009), 
Audenaerta et al. (2012) or Utama et al. (2012). But its use 
in building industry is problematic, because of many uncer¬ 
tainties connected with the constmction and operation of a 
building—the ad-hoc changes of designs, unexpected external 
factors (e.g. natural disasters) etc. (Hunt and Franklin 1996). 
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There are studies assessing the whole building, such as study of 
environmental impacts of 25 commercial buildings in Hong 
Kong conducted by Chau et al. (2007), which tries to sort used 
building materials and equipment in accordance with their 
respective environmental impacts. Other, more common studies 
address only specific building materials or structures—e.g. 
Bribian et al. (2011), who compare common building materials 
and eco-friendly materials; Kim (2011), who assesses the envi¬ 
ronmental impacts of solar wall systems; Bianchini and 
Hewage (2012); Stazi et al. (2012); and others. This paper falls 
into the same group, as it presents results of LCA of planned 
mass production of thermal insulation blocks (TIB) made of 
secondary raw materials (Bmo University of Technology et al. 
2009). The material itself (thermal insulation composite mate¬ 
rial (TICM)) is developed at Bmo University of Technology, 
Faculty of Civil Engineering, Institute of Building Structures, 
under the research MSM 0021630511 (Drochytka et al. 2006; 
Pencik et al. 2012). Two different mass production scenarios 
are assessed and compared. The goal of these assessments is to 
specify the environmental impacts of the material’s mass pro¬ 
duction, identification of the processes with the greatest share 
on the overall impacts and proposing optimization of the pro¬ 
duction process according to the calculated results. The assess¬ 
ment includes all relevant material and energy flows and pro¬ 
cesses in accordance with the defined goal and scope. The 
system boundaries include recycling of (secondary) raw mate¬ 
rials and the production of the TIB. 

2 Methodology 

2.1 Definition of goal and scope 

It is the first phase of any LCA. It defines depth and range of 
the assessment, its functional unit, reference flows etc. It also 
describes the methods and tools used for gathering and sub¬ 
sequent analysis of data. The goal of the assessment presented 
in this paper is to specify the environmental impacts of 


planned mass production of the TICM. The functional unit 
of the assessment is 1,000 TIBs (see Sect. 4). The appropriate 
reference flow used is the volume of materials and energy 
consumed during the production of the insulation block. The 
results of the assessment will be used for the improvements in 
design, which would make the whole production process 
more efficient and environmentally friendly. 

Because the TICM uses recycled materials, the problem of 
allocation has arisen. There are several methods of allocation 
of environmental impacts, which are used in different situa¬ 
tions (Baumann and Tillman 2004), and there are still attempts 
for their improvement or development of new ones—e.g. Kim 
et al. (1997) proposes an allocation method for cascade 
recycling. The topic of allocation in the LCA is often 
discussed in literature—Tillman (2000), Heijungs and 
Guinee (2007), Cherubini et al. (2011), Spivak and 
Franchetti (2013) etc.—as the choice of allocation may be 
decisive for the results of the assessment. For the purpose of 
the assessment, a cut-off allocation principle (see Fig. 1) is 
chosen—only materials and energies consumed during the 
production of the TICM were taken into account. 
Environmental impacts of the parts of life cycle of the 
products which are subsequently recycled and used as 
secondary raw materials for production of TICM, as well 
as waste management of dismantled TIB are not included 
in the presented assessment. The main reason for this is 
that the assessment will be used for improvements of 
designed production process—environmental impacts of 
the (secondary) raw materials’ production would reduce 
the share of the impacts of the production process itself 
on the overall results. Also, high level of uncertainty is 
connected with these phases of life cycle, which would 
decrease clarity of the assessment (Koci 2009; Baker and 
Lepech 2009)— the environmental impacts of producing 
the required materials depend on the location of produc¬ 
tion facility, quality of raw materials, used energy sources, 
means of transportation and transportation distances etc. 
(see Sects. 5.2 and 6). 
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Fig. 1 Diagram showing system boundaries according to used allocation method 
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2.2 Inventory analysis 

During the life cycle inventory (LCI) phase, all the necessary 
data are gathered in accordance with the depth of the assess¬ 
ment. It is common that authors of the assessment have to 
predict the events which may occur during the life cycle of the 
assessed product. In the presented assessment, the LCI phase 
includes gathering of data about material and energy inputs 
and outputs needed during the recycling of the raw materials 
and production of TICM, except for the raw materials them¬ 
selves (in accordance with the chosen allocation method). As 
the production line for mass production of TICM does not 
exist yet, the data for assessment were obtained from operators 
of similar production line in the Czech Republic. The data 
about the recycling process of glass and plastic were obtained 
from an operator of a recycling facility in the Czech 
Republic. As most of the data are part of their respective 
production secrets, the operators shared the data under the 
condition of remaining anonymous; therefore where the ref¬ 
erence to the source of data is missing, the data originate from 
these operators (see Sect. 4). Missing data were taken from 
literature (Blengini et al. 2012; Scheffler and Colombo 2005; 
UAB “STIKLOPORAS” 2011). 

2.3 Impact assessment (LCIA) and interpretation of results 

During the life cycle impact assessment (LCIA) phase, inven¬ 
tory data are aggregated into specific environmental impact 
categories according to a chosen method. Different LCIA 
methods will lead to distinct results (values, impact categories 
and units). LCIA methods can be single-category (e.g. prima¬ 
ry energy, exergy and global warming potential) or multi¬ 
category, with specific sets of impact categories. Multi¬ 
category LCIA methods can be problem- or damage-oriented. 
Problem-oriented methods (e.g. CML 2001) have midpoint 
impact categories and model problems at an early stage in the 
cause-effect chain, allowing a more transparent assessment 
and limiting of the uncertainties. Damage-oriented methods 
(e.g. Ecoindicator 99) model the cause-effect chain up to the 
endpoints (damage to humans and ecosystems), have a 
narrowed set of categories and have higher uncertainty than 
midpoint methods (Bamthouse et al. 1998). There are also 
methods that try to combine both problem- and damage- 
oriented approaches—e.g. ReCiPe or IMPACT2002+ 
(Hauschild et al. 2013). They use different impact category 
indicators to describe the midpoint and endpoint environmen¬ 
tal impacts in chosen categories. 

Problem-oriented multi-category method CML 2001 (ver¬ 
sion Dec. 07) developed by the Institute of Environmental 
Sciences (CML) of Leiden University, Netherlands, is chosen 
for the presented assessment (Bamthouse et al. 1998). This 
characterization model presents results using ten impact cate¬ 
gories that cover various environmental impacts of human 


activities (Silva et al. 2013). The assessment is performed using 
GaBi 4 software tool, which is developed by PE International in 
Germany (PE International 2014a) . Ecoinvent 2.0 database 
(Ecoinvent centre 2007) was used as the main source of envi¬ 
ronmental data for the modelling of the system. This database is 
maintained and developed by Ecoinvent Centre, Switzerland and 
is one of the largest available databases of environmental data. 
GaBi’s own Professional Database (PE International 2014b) was 
used for completion of the computation model (see Sect. 5). 

The results of the assessment are analysed. A sensitivity 
analysis evaluating impact of changes in production line’s 
output on the overall results is conducted. The impact of used 
allocation method on the assessment’s results is also 
discussed. 


3 TICM composition 

One of the goals of the research MSM 0021630511 
(Drochytka et al. 2006) is the development of new thermally 
insulating material made of secondary raw materials (Pencik 
et al. 2012). Use of secondary raw materials should decrease 
environmental impacts of the material life cycle. It should also 
have a positive impact on the price of the material—secondary 
raw materials are cheaper and more easily obtained than 
primary raw materials. Blocks made of this material are 
intended as a thermal insulation in structural details subjected 
to high compressive loads, e.g. foundation of the load-bearing 
walls or the attic walls (Pospisil et al. 2012). 

The composition of the production mixture of the TICM 
was determined experimentally (Pencik et al. 2012). The final 
mixture uses polypropylene (PP) as a binder and expanded 
glass (EG) granules as filler. Both materials could be obtained 
by recycling of municipal or industrial waste. For example, 
EG granulate may contain up to 80 % of recycled glass 
(Blengini et al. 2012). The PP is chosen because of its thermal 
and mechanical properties (tensile modulus £=1,550 MPa, 
thermal conductivity coefficient A=0.22 W m _1 K -1 ) (Pencik 
and Matejka 2011; Pencik et al. 2013). EG granules of frac¬ 
tions 2-4 and 4-8 mm are used as a thermal insulation 

_o 

component in the TICM. They have density p=300 kg m , 

_o 

compressive strength cr=2.2 to 2.9 N mm and thermal 
conductivity coefficient A = 0.07 W m -1 K 1 (LIAVER 
GmbH & Co. KG 2011). The resulting composite has density 

_o 

p=488 kg m and thermal conductivity coefficient A= 
0.093 W nT 1 K 1 (Pencik et al. 2012; Kaluzova et al. 2013). 

4 Inventory analysis—TICM production process 

This section presents detailed description of TICM produc¬ 
tion, including description of the recycling process of two 
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Fig. 2 Prototype of TIB—photography (Struhala et al. 2013) 


main compounds—PP and EG granules. The volume of pro¬ 
duction was set to 2,500 tons of TICM per year. This value 
represents an estimated maximum output of the production 
line. It was determined on the basis of information obtained 
from the operator of similar production line. Weight of 1 TIB 
(see Fig. 2) is 4.3-2.58 kg of PP and 1.72 kg of EG granules. 
Therefore, the estimated annual production could reach 
581,395 TIBs. The chosen function unit of this assessment is 
1,000 TIBs. 

4.1 Production of the filler—recycling of waste glass 

The filler (EG granules) is the most important com¬ 
pound of TICM. It has the greatest impact on its ther¬ 
mal properties. The raw material for the production of 
the filler is segregated waste glass (from municipal or 
technological wastes). A model production line used for 
the assessment is shown in Fig. 3. This model is based 
on information from literature (Blengini et al. 2012; 
UAB “STIKLOPORAS” 2011) and information from 
an operator of a recycling facility in the Czech 
Republic. At the beginning of the recycling process, 
the waste glass has to be cleaned from impurities, such 
as dirt or remnants of packaging. Otherwise, these im¬ 
purities could have a negative effect on the properties of 


the TICM or could cause damage to the production line. 
At first, the waste glass goes through a detector (3), 
which detects metals and other materials overlooked 
during the segregation. Afterwards, the waste glass is 
crushed into smaller pieces in a shredder (4) and 
washed in a pressure (water) washer (5) to remove the 
remains of labels, food etc. To decrease the environ¬ 
mental impact of washing process, the cleaning water is 
purified and reused (6). Level of reuse of the cleaning 
water depends on the degree of contamination of the 
waste glass—in case of heavy contamination the water 
is reused once at best, whereas in the case of relatively 
clean technological waste the pressure washing may not 
be necessary at all. After the washing and drying (7), 
the glass is milled (8) to a fine powder with individual 
grains smaller than 5 pm. This glass powder is then 
mixed (11) with a foaming agent. The mixture is poured 
into the granulator (12), where the granules of desired 
shape and size are created. These granules are after¬ 
wards burned in a kiln (13) at temperatures which 
triggers chemical reaction in the foaming agent releasing 
carbon dioxide (C0 2 ) and oxygen (0 2 ). The bubbles of 
gas are trapped in the structure of the granules, resulting 
in an increase of their volume, while maintaining the 
weight. The resulting porous structure has good thermal 
properties and load-bearing capacity (see Sect. 3). 

Estimated output of the recycling line shown in Fig. 3 is 
1,000 kg of EG granules per hour. This means that for cover¬ 
ing of TICM production of2,500 tons/year, this recycling line 
would have to operate for 1,000 h/year—12.5 weeks of 80 
working hours. Two modes of operation were assessed. The 
first mode involves processing of (municipal) waste glass 
containing impurities which must be removed during the 
recycling. The second mode involves processing of techno¬ 
logical waste glass, which does not require cleaning—the 
pressure washing and subsequent water purification are there¬ 
fore not included. Overview of inputs and outputs of both 
operation modes of EG granules’ production can be seen in 
Tables 1 and 2, while the detailed description is written below. 



separation of impurities (metals, etc.); 7, shredder; 5, pressure washer; 6 , 
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Table 1 Inputs for the production 
of EG granules required for pro¬ 
duction of 1,000 TIBs 


1 st mode of production 



2nd mode of production 



Input 

Unit 

Quantity 

Input 

Unit 

Quantity 

Waste glass 

kg 

1,764.5 

Waste glass 

kg 

1,649.8 

Foaming agent 

kg 

414.5 

Foaming agent 

kg 

414.4 

Electricity 

MJ 

3,544.8 

Electricity 

MJ 

3,535.9 

Machine oil 

kg 

5.6E-05 

Machine oil 

kg 

4.5E-05 

Water 

kg 

1,466.2 

Water 

kg 

1.7 

Aluminium sulphate 

kg 

3.9 

Cleaning agents 

kg 

3.4E-02 

Liquid oxygen 

kg 

0.9 

— 

— 

— 

Cleaning agents 

kg 

3.4E-02 

— 

— 

— 


Based on the available information from literature 
(Blengini et al. 2012; UAB “STIKLOPORAS” 2011) and 
the operator of the recycling facility, we calculated that pro¬ 
ducing the EG granules (needed for production of 1,000 TIBs) 
using the first mode of operation requires 1,764.5 kg of 
(municipal) waste glass. This amount of waste glass suffices 
for producing the required 1,717.9 kg of EG granules. During 
the recycling process, 279.8 kg of solid wastes (labels, re¬ 
mains of packaging etc.) are removed from the waste glass. 
The second mode of operation requires 1,649.8 kg of 
(technological) waste glass to produce the same amount of 
EG granules. The decrease in the amount of required raw 
material is caused by the higher purity of technological waste. 
Accordingly, the amount of solid waste produced during the 
recycling process decreases to 165.1 kg. 

The second material needed for production of EG granules 
is a foaming agent—mixture of chemicals, which, when heat¬ 
ed, releases gasses such as carbon dioxide (C0 2 ) or oxygen 
(0 2 ). Bubbles of these gasses caught in the structure of the 
material are responsible for its low density. There are different 
types of foaming agents used for production of EG. In this 
assessment, we choose adding of mixture of 17.3 kg of calci¬ 
um carbonate (CaC0 3 ), 17.3 kg of glycerine (C 3 H 8 0 3 ), 
172.7 kg of water (H 2 0) and 207.2 kg of liquid glass 
(Na 2 Si0 3 ) to 1,484.8 kg of washed and milled waste glass 
(UAB “STIKLOPORAS” 2011). 

For the purpose of the assessment, we calculated that 
overall energy consumption of waste glass recycling and EG 


Table 2 Outputs of the production of EG granules required for produc¬ 
tion of 1,000 TIBs 


1 st mode of production 


2nd mode of production 


Output 

Unit 

Quantity 

Output 

Unit 

Quantity 

EG granules 

kg 

1,717.9 

EG granules 

kg 

1,717.9 

Waste water 

kg 

1,471.0 

Waste water 

kg 

1.7 

Solid waste 

kg 

279.8 

Solid waste 

kg 

165.1 

Carbon dioxide 

kg 

8.6 

Carbon dioxide 

kg 

8.6 


granules production would be 3,544.8 MJ (per 1,717.9 kg of 
EG granules) in the first mode of operation or 3,535.9 MJ in 
the second mode of operation. The cleaning process consumes 
less than 1 % of overall energy. 

For pressure washing of the waste glass, about 1,466.2 kg 
of water with addition of 3.9 kg of aluminium sulphate (Al 2 
(S0 4 ) 3 ) and 0.9 kg of liquid oxygen (O) are necessary. 
Regular maintenance and cleaning is considered during the 
operation of the line. It is estimated that it requires approxi¬ 
mately 5.0 kg of machine oil twice a month in the case of the 
first operation mode (4.0 kg in the case of the second opera¬ 
tion mode) and up to 1,000 kg of water with cleaning agents 
mixed at a ratio of 50:1 at least once per year. 

4.2 Production of the binder—recycling of PP 

The binder, which connects individual granules of the EG and 
fills the gaps between them, is the PP. It is a so-called ther¬ 
moplastic—plastic, which can be almost infinitely remoulded 
by heat. This fact is used during the recycling of waste PP. 
Examples of environmental assessment of plastic can be 
found in literature. Tabone et al. (2010) assesses environmen¬ 
tal impacts of production of 12 different polymers from raw 
materials. Vidal et al. (2009) deals with lessening of environ¬ 
mental impacts of recycled plastic by addition of organic 
compounds. Arena et al. (2003) addresses recycling of PET 
or PE packaging in Italy. Figure 4 shows a diagram of model 
production line used for the assessment as described by the 
users of similar facilities in the Czech Republic. As in the case 
of glass recycling, waste PP has to be crushed into smaller 
pieces in a blade mill (3). Then, it is cleaned from labels and 
other nonplastic residues in a washer (4). Clean plastic pieces 
are dried in a pug mill (7) and shredded into chips of desired 
size in a shredder. Any metal residues are removed from these 
chips in a metal detector (9). Afterwards, the clean PP chips 
are heated in a screw extmder (melting temperature of pure PP 
is about 180 °C), creating a homogenous paste. At the end, the 
paste is processed into granulate to simplify subsequent 
manipulation. 
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Fig. 4 Diagram of the production line for the production of the PP 8 , shredder; 9 , metal detector; 10 , agglomeration machine; 77, screw 

granules from segregated PP waste. 7, PP waste supply; 2, conveyor belt; extruder with granulator head 
3 , blade mill; 4 , washer; 5, water purifier; 6 , gravity drainage; 7, pug mill; 


Estimated output of the recycling line described above is 
800 kg of PP granules per hour. To cover the requirements of 
TICM production, it has to operate for 1,875 h/year— 

23.5 weeks of 80 working hours. Similarly to the EG produc¬ 
tion line, there are two modes of operation assessed. The first 
mode involves processing of PP separated from municipal 
waste, which (as the waste glass) has to be rid of any impu¬ 
rities before further processing. This is done by washing in the 
water mixed with cleaning agents. The second mode of oper¬ 
ation involves processing of technological PP waste, which 
does not have to be washed. Overview of inputs and outputs of 
both operation modes of PP recycling and production of PP 
granules can be seen in Tables 3 and 4. 

We calculated that the first mode of production requires 

3.172.5 kg ofunwashed PP waste for production of2,576.9 kg 
of PP granules (needed for the production of 1,000 TIBs). The 
recycling process produces 596.3 kg of solid waste. The 
second mode of operation requires 3,013.9 kg of PP waste 
for the production of required amount of PP granules, while 
producing 437.6 kg of solid waste. 

Calculated energy consumption for production of 
2,576.9 kg of PP granules is 11,595.2 MJ in first mode of 
operation. The PP washing process is responsible for 9 % of 
overall energy consumption in this mode of operation. Second 
mode of production consumes 10,480.0 MJ of electricity. 

Tap water with cleaning agents is used for washing of PP— 
approximately 1 kg of water with cleaning agents per 1 kg of 
waste PP. It is estimated that the operation of the line (the 


screw extmder, blade mill etc.) requires 160 kg of machine oil 
for hydraulics or gears. This oil has to be replaced once a year. 

Regular maintenance and cleaning of the line is considered 
similarly to the EG line: The first mode of operation would 
require 8 kg of machine oil twice a month; the second mode 
would require 6 kg. Also, cleaning would require 1,000 kg of 
tap water and cleaning agents once per year. Additionally, the 
screw extmder has to be cleaned by 100 kg of a mixture of 
glass shards and PP at least once a year to bmsh off the 
sediments stuck inside. 

4.3 Production of TIB 

For the mass production of TIBs from TICM according to 
Czech patent no. P303330 (Bmo University of Technology 
2012), a co-extmsion production line was designed (see 
Fig. 5). Partially molten PP is extmded from the cartridge 
(1) on the preheated steel rolls (4). Then, a mixture of EG 
granules is poured on it from a container (2). Afterwards, it is 
covered by another layer of partially molten PP from the 
second cartridge. The second layer of PP fills the gaps be¬ 
tween EG granules to ensure integrity of the composite. Shape 
and size of the produced TIB is moulded by shaped steel rolls. 
After the moulding, the blocks are cooled (naturally or artifi¬ 
cially) to a temperature suitable for further manipulation. 
TICM is produced continuously. The division into individual 
blocks is planned with use of spacers (3) inserted in 
predetermined intervals. 


Table 3 Inputs for production of 
PP granules required for produc¬ 
tion of 1,000 TIBs 


1 st mode of production 



2nd mode of production 



Input 

Unit 

Quantity 

Input 

Unit 

Quantity 

PP waste 

kg 

3,172.5 

PP waste 

kg 

3,013.9 

Electricity 

MJ 

11,595.2 

Electricity 

MJ 

10,480.0 

Machine oil 

kg 

1.6E-01 

Machine oil 

kg 

1.2E-01 

Water 

kg 

3,110.7 

Water 

kg 

1.7 

Cleaning agents 

kg 

1.5E-01 

Cleaning agents 

kg 

1.5E-01 
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Table 4 Outputs of production of PP granules required for production of 
1,000 TIBs 


1 st mode of production 

2nd mode of production 

Output 

Unit 

Quantity 

Output 

Unit 

Quantity 

PP granules 

kg 

2,576.9 

PP granules 

kg 

2,576.9 

Waste water 

kg 

3,559.5 

Waste water 

kg 

1.7 

Solid waste 

kg 

596.3 

Solid waste 

kg 

437.6 


Energy and material consumption of the production line 
described above were calculated on the basis of information 
obtained from an operator of similar production line in the 
Czech Republic. The maximum output of the production line 
was determined to be 600 kg of TICM per hour. 
Approximately 10 % of this quantity is unrecyclable waste 
(scrap, defective pieces etc.). Overview of inputs and outputs 
of TIB production can be seen in Tables 5 and 6. 

It is considered that the production of 1 kg of TICM 
requires 2.16 MJ of electricity. Therefore, production of 
1,000 TIBs requires 9,276.7 MJ of electricity. 

The heating of the 18 steel rolls shown in Fig. 5 (including 
the inlet and outlet pipelines, storage and heating tank for the 
heating medium) requires 579.6 kg of circulating heating 
medium—oil. This oil has to be changed periodically, because 
it degrades slowly. Approximately 20 % of the oil is changed 
every 3 years. For the lubrication of mechanical parts (gears, 
bearings etc.) 150 kg of machine oil is required. This machine 
oil has to be completely replaced every 2 years. 

Cleaning of the production line is similar to that of the 
PP recycling line. The screw extruders for extrusion of 
PP are cleansed by the mixture of glass shards and PP. 
This cleaning has to be done before every longer opera¬ 
tion outage but at least once per 2 years during the 
general maintenance of the production line. For regular 
cleaning, the mixture of 1,000 kg of water and cleaning 
agents is considered (50:1 ratio) again. 


Table 5 Inputs required 

for production of 1,000 In P ut Unit Quantity 


EG granules 

kg 

1,717.9 

PP granules 

kg 

2,576.9 

Electricity 

MJ 

9,276.7 

Machine oil 

kg 

2.9E-01 

Heating medium 

kg 

7.4E-01 

Glass shards 

kg 

8.5E-02 

Water 

kg 

9.5E-01 

Cleaning agents 

kg 

4.8E-06 


5 Life cycle impact analysis of TIB’s production 

The goal of the assessment is the identification and quantification 
of environmental impacts of TIB production. This will help to 
improve the designed process and also optimise the composition 
of the TICM. The assessment is performed using GaBi 4 software 
tool with Professional Database and Ecoinvent 2.0 database 
installed. The assessment takes into account only the processes, 
energy and material flows described in the previous section. These 
had to be assigned to the processes and flows available in the 
databases. The assignment is shown in Table 7. Because of lack of 
data in the databases, some simplifications have to be made. 

Two modes of recycling of raw materials (with and without 
wet cleaning), as described above, are considered in the as¬ 
sessment. These variants represent two extremes with the 
highest and the lowest environmental impacts. 

The gathered data were processed with use of CML 2001— 
Dec. 07 characterization model (Bamthouse et al. 1998). This 
characterization model was developed by the Institute of 
Environmental Sciences in Leiden, Netherlands. The used model 
presents results of the assessment in 10 impact categories, with 
use of so-called indicators, and their equivalent units (see 
Table 8). These are used to show what amount of reference 
substance has the same environmental impact as the assessed 
material—thus enabling comparisons of completely different 
materials and processes. 



Fig. 5 Diagram of the TICM/TIB production line: 7, PP cartridge equipped with a screw extruder; 2, EG container; 3 , insertion of spacers; 4 , preheated 
steel rolls; 5, spacer (Bmo University of Technology 2012) 
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Table 6 Outputs of pro¬ 
duction of 1,000 TIBs 


Output 

Unit 

Quantity 

TICM block 

Pieces 

1 

Waste water 

kg 

9.54E-04 

Solid waste 

kg 

500.0 


Because of different equivalent units, it is impossible to 
compare the results of different impact categories. Therefore, 
normalisation and weighting has to be done. The normalisa¬ 
tion converts results obtained in each impact category into a 
dimensionless value. Afterwards, these values have to be 
weighted, because different impact categories have different 
overall impact on the environment. CML 2001—Dec. 07, 
EU25+3 normalisation incorporated in the GaBi 4 was used 
for this purpose. 

Comparison of both production modes (Table 9) shows that 
the environmental impact of the second mode (without the wet 
cleaning of waste glass and PP) is 34.7 % (average value) 
lower than the environmental impacts of the first production 
mode. The highest difference can be observed in TETP cate¬ 
gory (85.7 %), while the lowest difference can be observed in 
GWP category (4.7 %). This is caused by lack of the washing 
of raw materials and all processes and flows connected to it in 
the second mode of production. 

Table 10 shows normalised results of the assessment. It 
also shows shares the individual impact categories have on the 
overall environmental impacts. We can see differences in the 
distribution of the environmental impacts into individual 


Table 7 Matching of data gathered during the LCI phase with data 
available in the database 


LCI entry 

Database entry 

Aluminium 

sulphate 

RER: aluminium sulphate, powder, at plant 

Carbon dioxide 

Carbon dioxide (Inorganic emissions to air) 

Cleaning agents 

RER: soap, at plant 

Electricity 

CZ: Powermix 

Foaming agent 

CH: limestone, milled, loose, at plant 

RER: glycerine, from rape oil, at esterification plant 
RER: tap water, at user 

RER: sodium silicate, spray powder 80 %, at plant 

Glass sharp 

RER: glass, cullets, sorted, at sorting plant 

Heating medium 

RER: lubrication oil, at plant 

Machine oil 

RER: lubrication oil, at plant 

Liquid oxygen 

RER: oxygen, liquid, at plant 

Solid waste 

RER: Landfill for inert matter 

(unspecific construction waste) PE 

Waste water 

RER: Wastewater treatment (contains organic 
and inorganic load) PE 

Water 

RER: tap water, at user 


Table 8 List of impact categories used in CML 2001—Dec. 07 charac¬ 
terization model 


Impact category 

Unit 

Abiotic Depletion (ADP) 

kg 

Sb-Eq. 

Acidification Potential (AP) 

kg 

S0 2 -Eq. 

Eutrophication Potential (EP) 

kg Phosphate-Eq. 

Freshwater Aquatic Ecotoxicity Potential (FAETP inf.) 

kg 

DCB-Eq. 

Global Warming Potential (GWP 100 years) 

kg 

C0 2 -Eq. 

Human Toxicity Potential (HTP inf.) 

kg 

DCB-Eq. 

Marine Aquatic Ecotoxicity Potential (MAETP inf.) 

kg 

Rll-Eq. 

Ozone Layer Depletion Potential (ODP, steady state) 

kg 

Ethene-Eq. 

Terrestric Ecotoxicity Potential (TETP inf.) 

kg 

DCB-Eq. 


categories for both production modes. For example, TETP 
has six times higher share in the overall results in the first 
mode of production,than in the second mode. As mentioned 
above, this is caused by different amounts of inputs and 
outputs required for both production modes. 


5.1 Sensitivity analysis 

To analyse, if the environmental impact will be influenced by 
the change of production volume, a sensitivity analysis is 
conducted. The range of production volume was set between 
2,500 and 1,145.3 tons of TICM per year. The higher value 
represents the estimated maximum output of TICM/TIB pro¬ 
duction line, while the lower value is volume of TICM re¬ 
quired for production of 240,000 TIBs, which is the lowest 
production level set during the original development of the 
material. The sensitivity analysis is conducted in 20 steps in 
the set interval, using the GaBi 4 tool and CML 2001—Dec. 
07 characterization for all 20 steps. 

The analysis shows that change of production volume has 
minimal impact on overall results of the assessment. The 


Table 9 Results of the environmental impact assessment of both TICM/ 
TIB production modes (for production of 1,000 TIBs) 


Impact category 

Unit 

1 st mode of 
production 

2nd mode of 
production 

ADP 

kg Sb-Eq. 

35.8 

31.4 

AP 

kg S0 2 -Eq. 

41,904 

41,808 

EP 

kg phosphate-Eq. 

41,732 

41,821 

FAETP inf. 

kg DCB-Eq. 

1,259.5 

572.1 

GWP (100 years) 

kg C0 2 -Eq. 

5,813.3 

5,541.5 

HTP inf. 

kg DCB-Eq. 

1,196.2 

839.3 

MAETP inf. 

kg DCB-Eq. 

3,750,703.1 

3,233,603.2 

ODP (steady state) 

kg Rll-Eq. 

1.8E-04 

1.3E-04 

POCP 

kg ethene-Eq. 

41,792 

41,640 

TETP 

kg DCB-Eq. 

333.6 

47.8 
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Table 10 Normalised (CML 2001—Dec. 07, EU25+3 normalisation) 
results of the environmental impact assessment of both TICM/TIB pro¬ 
duction modes (for production of 1,000 TIBs) 


Impact category 

1 st mode of production 

2nd mode of production 

(-) 

(%) 

(-) 

(%) 

ADP 

2.12E-09 

2.22 

1.86E-09 

2.23 

AP 

1.37E-09 

1.43 

1.10E-09 

1.33 

EP 

1.85E-10 

0.19 

9.40E-11 

0.11 

FAETP inf. 

2.46E-09 

2.58 

1.12E-09 

1.34 

GWP (100 years) 

1.12E-09 

1.17 

1.06E-09 

1.28 

HTP inf. 

1.18E-10 

0.12 

8.3 IE—11 

0.10 

MAETP inf. 

8.43E-08 

88.23 

7.72E-08 

92.60 

ODP (steady state) 

2.28E-11 

0.02 

1.7 IE—11 

0.02 

POCP 

9.84E-10 

1.03 

4.15E-10 

0.50 

TETP inf. 

2.88E-09 

3.01 

4.12E-10 

0.49 


difference between the bordering results (2,500 and 1,145.3 
tons of TICM produced) is approximately 0.12 % in favour of 
the higher production volume. This result was expected, due 
to the chosen allocation method and functional unit. 

5.2 Comparison with other materials 

Comparing the TICM with other insulation materials with 
similar use is out of scope of this paper. There is a lot issues 
connected with such comparisons. But nevertheless, it is cru¬ 
cial for the further development of the material. Thus, a short 
outline of the encountered difficulties is presented below. 

Of other thermal insulation materials, the foam glass has 
most similar mechanical properties (PE International 2008) 
and use (structural details exposed to high compressive loads). 
Therefore, it is (to a certain extend) comparable with TICM. 
Unfortunately, no Environmental Product Declaration (EPD 
according to ISO 14 025; ISO 2006c) or other similar docu¬ 
mentation of environmental impacts (localised for Czech 
Republic) of foam glass’ production is currently publicly 
available. This means that we can compare only with data 
localised for other countries available in EPDs (PE 
International 2008) or in the used LCI databases—with dif¬ 
ferent energy supply mixes, transportation options etc. The 
Ecoinvent 2.0 database for example contains three different 
datasets for foam glass: AT: foam glass, at regional storage ; 
CH\ foam glass, at regional storage', RER : foam glass, at 
plant. Environmental impacts specified by these datasets vary 
by tenths of percents, depending on chosen impact category. 
Results in the MAETP category defined in CML 2001—Dec. 
07 characterization model vary by more than 60 %, while 
results in TETP category (using the same characterization) 
varying by less than 5 %. Such uncertainty reduces the accu¬ 
racy of any comparison (as mentioned in Sect. 2.1). 


Another issue connected with comparing TICM (or TIBs) 
with other products is end-of-life management. Foam glass 
blocks used in the same way as TIBs, such as FOAMGLAS® 
PERINSUL SL (PE International 2008), are coated with a thin 
layer of bitumen that closes the surface pores. When this 
bituminous layer is removed (with a part of foam glass), the 
rest of the foam glass block can be completely recycled. 
Recycling of TICM in the same way would require more 
energy than the original production, as both components 
would have to be separated (e.g. by melting and filtration) 
before reuse on the TICM production line. Otherwise, the 
thermal properties of the TIBs would decrease with each 
remoulding, because of uneven distribution of the EG gran¬ 
ules. But thanks to their mechanical properties, the TIBs 
should withstand the long-term installation in the structural 
details of the building without significant changes in shape or 
structure. Therefore at the end-of-life of the building, they 
could be removed, disconnected and reused (after cleaning) 
easily. Long-term load testing of TIBs’ dimensional stability is 
underway now. 

Also, even though we said that foam glass has the most 
similar mechanical properties, these two materials still differ 
significantly. While the foam glass has lower thermal conduc¬ 
tivity (A PERINS ul = 0.055 W m 1 K 1 vs. A TIC m = 
0.093 W m -1 KT 1 ) and is lighter (Pperinsul=200 kg m” 3 vs. 

_o 

Pticm = 488 kg m ), the TICM has higher load-bearing ca¬ 
pacity—TICM’S compressive strength was tested up to 
10 MPa, while the FOAMGLAS® PERINSUL SL has a 
compressive strength of approximately 3 MPa. This means 
that finding a common function for comparison is a bit diffi¬ 
cult. If we would compare the materials, for example, by the 
volume required to provide the same thermal resistance of the 
insulated structure, the foam glass would be the undisputed 
victor of the comparison—see Table 11, comparing a plate of 
FOAMGLAS® PERINSUL SL (PE International 2008) with 
second production mode of TIBs. Such comparison does not 
take into account all the properties of TICM, but it can still 
serve as a basis for further improvements of the TICM’s 
composition. 


Table 11 Comparison of environmental impacts of 1 x 1 m desks made 
of TICM and foam glass in thicknesses necessary for providing the U 
value 0.5 m 2 K W -1 


Impact category 

Unit 

TICM 

PERINSUL SL 

AP 

kg S0 2 -Eq. 

3.92E-01 

4.52E-02 

EP 

kg phosphate-Eq. 

3.67E-02 

5.06E-03 

GWP (100 years) 

kg C0 2 -Eq. 

117.13 

23.34 

ODP (steady state) 

kg Rll-Eq. 

2.78E-06 

1.89E-07 

POCP 

kg ethene-Eq. 

2.33E-02 

3.96E-03 


Impact categories chosen according to environmental data of 
FOAMGLAS PERINSUL written in the EPD (International 2008) 
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6 Discussion and conclusions 

The goal of the assessment presented in this paper is the 
optimization of the planned mass production of insulation 
blocks made of secondary raw materials. For this purpose, 
we used LCA methodology described in literature (Baumann 
and Tillman 2004) as the most precise assessment method 
available. The allocation method chosen for the assessment is 
best suited for this, as it does not take into account the actual 
raw materials (see Fig. 1), only the inputs and outputs con¬ 
nected with the operation of the recycling and production lines 
and with transformation of the raw materials into the final 
product. The results of the assessment are shown in Tables 9 
and 10. They show that the electric energy required for the 
recycling and production processes has the greatest impact on 
the overall results (86.2 and 94.3 %, respectively—see 
Table 12). This is at least partially caused by the database 
entry CZ: Powermix , used in the assessment. It should repre¬ 
sent the average environmental impacts of energy production 
in the Czech Republic. The most electricity in Czech Republic 
(approximately 52 % in 2012 according to Energy Regulatory 
Office-Department of Statistics 2013) is produced by thermal 
power plants burning coal; therefore, the environmental im¬ 
pacts of the CZ: Powermix entry are rather high. If a different 
source or electricity with smaller environmental impacts or 
different database entry is used (e.g. Powermix from different 
country), it would have major impact on the results of the 
assessment (and also the results of the comparison presented 
in Table 11). Another option is the use of renewable energy 
sources producing electricity directly for the production facil¬ 
ity—the best (most stable and efficient) would be a small run- 
of-the-river power plant. But such changes are out of scope of 
this paper. The production of the material is planned in Czech 
Republic, but the exact location is not defined yet. Regarding 
the assessed production process, there are two main ways of 
reducing the environmental impacts of overall energy con¬ 
sumption. The first one is to use more efficient machinery. The 
assessment of this kind of improvement would require more 
specific data from the operators and producers of the ma¬ 
chines. The other way of improvement is to simplify the 
production process—specifically to combine the TICM pro¬ 
duction line with the PP recycling line. This would eliminate 
the need for granulation and subsequent re-melting of PP, 


Table 12 Flows with the highest share (shown in percents) of the overall 
environmental impact of TICM production 


Input/output 

1 st mode of 
production (%) 

2nd mode of 
production (%) 

Electricity 

86.2 

94.3 

Foaming agent 

4.9 

5.6 

Cleaning agents+water 

8.8 

— 


decreasing the overall electricity consumption by approxi¬ 
mately 30 %. As the electricity consumption has the highest 
share in overall environmental impacts, this would greatly 
improve the results of the assessment. 

The assessment also shows that there is a big difference 
between the two described recycling technologies. In other 
words—the purity of the raw material (glass or PP waste) can 
greatly affect the overall environmental impact of TICM 
production—the cleaner the raw material, the lesser the im¬ 
pact. Cleaning agents and water used for washing of impuri¬ 
ties are responsible for almost 9 % of overall environmental 
impacts—see Table 12. But the changes in the washing pro¬ 
cess or quality of supplied raw materials have to be made 
cautiously, because the influence of chosen boundary condi¬ 
tions on the assessment has to be taken into account. Also, it is 
likely that higher quality raw materials, considered for the 
second mode of production would have a negative impact 
on overall operating costs. This would increase the price of 
the TIB, thus reducing its competitiveness in comparison to 
other materials. Verification of accuracy of proposed sugges¬ 
tions, as well as design and assessment of other possible 
improvements, such as the choice of different foaming agent, 
etc. will require further experiments. 
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